Introduction: The aim of this study was to conduct a meta-analysis to determine whether percutaneous tracheostomy (PT) techniques are advantageous over surgical tracheostomy (ST), and if one PT technique is superior to the others.
Introduction
Tracheostomy is among the most commonly conducted procedures in critically ill patients. Despite percutaneous tracheostomy (PT) techniques gaining acceptance, the debate continues about their precise indications, their possible advantages over conventional surgical tracheostomy (ST), and whether one PT technique is superior to the others [1] [2] [3] . Observational studies indicate that ST is still performed in 33 to 50% of critically ill patients [4, 5] , especially in the presence of neurological disorders.
Conflicting results have been reported in three previous meta-analyses comparing complication rates between PT techniques and ST [6] [7] [8] . All of these meta-analyses included only multiple dilator tracheostomy (MDT) [9] , guide wire dilating forceps (GWDF) [10] , and translaryngeal tracheostomy (TLT) [11] in the PT group. Since newer PT techniques such as single-step dilation tracheostomy (SSDT) [12] , rotational dilation tracheostomy (RDT) [13] , or balloon dilation tracheostomy (BDT) [14] are increasingly used due to easy application and shorter procedure times [15] , previous meta-analyses may not reflect current clinical practice. Recently, a meta-analysis including randomized, controlled trials (RCTs) comparing different PT techniques concluded that SSDT appears to be superior in terms of safety and success rate [15] .
Our objective was to determine whether a specific PT technique is superior to ST or to other PT techniques in adult critically ill patients with an indication for tracheostomy with respect to complications during the procedure (major and minor bleeding, technical difficulties, false route, subcutaneous emphysema, pneumothorax, and oxygen desaturation) or after the procedure (major and minor bleeding, stoma inflammation or infection, tracheomalacia, and tracheal stenosis), the length of the procedure and hospital survival.
Materials and methods

Data sources and searches
We aimed to identify all RCTs assessing the complications and outcomes between PT and ST and among the different PT techniques in adult critically ill patients. The electronic search strategy applied standard filters for identification of RCTs. Databases searched were the Cochrane Central Register of Controlled Trials (CEN-TRAL, The Cochrane Library Issue 3, 2012), MEDLINE (from inception to July 2013), and EMBASE (from inception to July 2013). We did not apply language restrictions. Our search included the following key words: tracheotomy, tracheostomy, percutaneous, dilatation, surgical, Griggs, forceps, Percutwist, Ciaglia, Blue Rhino, Fantoni, translaryngeal, Blue Dolphin, multiple dilator technique, guide wire dilating forceps, translaryngeal technique, single-step dilation technique, rotational dilation technique balloon dilation technique, critical care, intensive care, critically ill, and random. In addition to the electronic search, we checked cross-references from original articles and reviews. We retrieved additional studies by hand searching the abstracts of the meetings of the American Thoracic Society, the Society of Critical Care Medicine, and the European Society of Intensive Care Medicine held from 2010 to 2013. Completed but unpublished studies were identified by searching the websites for the Public Registers of Clinical Trials [16, 17] . Neither ethical approval nor patient consent was needed in this meta-analysis.
Selection of studies
We restricted the analysis to RCTs to guarantee control of selection bias. Study designs containing cointerventions unequally applied to the treatment and control group as well as nonrandomized or crossover trials were not included.
RCTs reporting complications as predefined endpoints and comparing PT with ST and comparing the different PT techniques in mechanically ventilated adult critically ill patients were considered for inclusion.
PT had to be performed according to MDT, GWDF, TLT, SSDT, RDT, or BDT. A description of the different PT techniques and synonyms are presented in Additional file 1. PT and ST techniques had to be performed either in the ICU or in the operating room. Studies of tracheotomy in emergency airway management, in infants and children, in not critically ill or homecare patients and those published only as a letter were excluded. Authors were contacted to clarify details of trials, if necessary.
Outcome measures
The primary outcomes were complications during and after the procedure. Complications during the procedure included major and minor bleeding, technical difficulties, false route, subcutaneous emphysema, pneumothorax, and oxygen desaturation. Complications after the procedure included major and minor bleeding, stoma inflammation or infection, tracheomalacia, and tracheal stenosis. Definitions of complications are presented in Table 1 .
Data extraction and quality assessment
Initial selection was performed by screening titles and abstracts by two pairs of independent reviewers (NT and UG, PP and CP). Citations were screened by each reviewer and selected for further evaluation if they reported in a RCT comparison between PT and ST or among the different PT techniques in adult critically ill patients or if the title or abstract did not give enough information to make an assessment. For detailed evaluation, a full-text copy of all studies of possible relevance was obtained and data from each study were again extracted independently by paired reviewers (NT and UG, PP and CP), using a prestandardized data abstraction form. One pair of reviewers (NT and UG) was not informed about authors, journal, institutional affiliation, and date of publication. Data extracted from the publications were checked by a further reviewer (UG) for accuracy. Quality assessment of these studies included: use of randomization; reporting of allocation concealment; blinding; adequate selection and description of study population with respect to inclusion and exclusion criteria; comparability of the groups at baseline; use of a predefined treatment protocol; absence of confounders; absence of cointerventions; a priori definition of primary and secondary outcome parameters; use of intention-to-treat analysis; extent of follow-up; a priori calculation of sample size; patients screened and included in the trial; reports on patients lost to follow-up; and planned or premature termination of the RCT. Two reviewers (NT and UG) independently used these criteria to abstract trial quality. We resolved any disagreements by consensus in consultation with a third reviewer (PP) if needed.
Risk of bias
To evaluate potential publication bias, a weighted linear regression was used, with the natural log of the odds ratio as the dependent variable and the inverse of the total sample size as the independent variable. This is a modified Macaskill's test, which gives more balanced type I error rates in the tail probability areas compared with other publication bias tests [18] .
Data synthesis and analysis
We classified the following comparisons: pooled PT techniques versus ST, MDT versus ST, pooled MDT + SSDT versus pooled GWDF + RDT + BDT, and pooled MDT + SSDT versus GWDF.
Qualitative analysis
A narrative summary approach was used to explore study characteristics and quality indicators to analyze study-tostudy variations and their implications for the outcomes reported in the included RCTs [19, 20] .
Quantitative analysis
The meta-analysis was performed according to the Cochrane Collaboration guidelines [21] . All statistical analyses were performed with Review Manager (Revman, The Cochrane. Collaboration, Oxford, UK), software for preparing and maintaining Cochrane systematic reviews [21] . The pooled effects estimates for binary variables were expressed as odds ratios with 95% confidence interval (CI), whereas continuous variables were expressed as mean differences with 95% CI. We tested the difference in estimates of treatment effect between the treatment and control groups for each hypothesis using a two-sided z test with statistical significance considered at P <0.05.
We examined heterogeneity using the Cochran Q test and the I 2 test [22, 23] . We predefined heterogeneity as low, moderate, or high with I 2 values above 25%, 50%, or 75% respectively [23] . Meta-analysis with a random-effects model was applied with I 2 values above 25% [24] . Otherwise, we performed the meta-analysis using a fixed-effect model. However, the possibility of a type II (false negative) error must be considered and a thorough attempt was made to identify clinical heterogeneity or sources of bias. We considered one-tailed P <0.05 as significant.
Interobserver agreement on selection of articles for inclusion and quality assessment was measured with Cohen's (unweighted) κ statistic [25] . We considered a κ value of greater than 0.8 to indicate acceptable agreement.
Results
Study selection
Our initial electronic and manual search identified 11,625 studies. Of these, we excluded 11,517 articles after screening the title or abstract. We retrieved 108 studies for more detailed analysis, and excluded 86 of these because they were not RCTs, they did not evaluate PT or ST in critically ill patients, they were duplicated references, or they were not relevant ( Figure 1 ). The two reviewer teams completely agreed (κ = 1) on the selection of included studies. Table 2 summarizes the study characteristics and quality scores. Although all 22 studies were published in English, they represent international experience, including data from 14 countries. All but one RCT [46] were conducted in a single center. We identified the definition of the patient population and severity of critical illness, exclusion criteria, tracheostomy techniques, the medical specialty performing the tracheotomy, the location of performance, use of bronchoscopy, and reported complications of the trials as key sources of between-study variation. Qualitative analysis of key study characteristics and quality indicators revealed the following differences.
Study description
Patient population and severity of critical illness
A mixed population of critically ill patients was investigated in 16 RCTs [27] [28] [29] [30] [31] 33, 34, 36, [38] [39] [40] [41] [42] [43] 45, 47] , trauma patients in one RCT [44] , and surgical patients in one RCT [37] . The patient population was not described in four RCTs [26, 32, 35, 46] . Seven RCTs reported the Acute Physiology and Chronic Health Evaluation Score [26, 27, 31, 33, 34, 41, 43] , one RCT reported the Sequential Organ Failure Assessment Score [32] , and four RCTs reported the Simplified Acute Physiology Score II [28, 36, 39, 40] .
Exclusion criteria
Fourteen RCTs reported coagulation disorders [27, 28, [30] [31] [32] [33] [34] 36, 39, [41] [42] [43] [44] 46] , 12 RCTs reported difficult anatomy of the neck [26] [27] [28] [32] [33] [34] 36, 38, 39, 41, 43, 47] , 14 RCTs reported neck pathology [27, 28, 30, 32, 34, [36] [37] [38] [39] [40] [41] 43, 46, 47] , six RCTs reported spine pathology [28, 29, 31, 39, 43, 46] , 11 RCTs reported pathology of the thyroid gland [27, 28, [30] [31] [32] 34, 36, 37, 40, 41, 43] , three RCTs reported emergency tracheotomy [28, 41, 42] , two RCTs reported difficult airways [29, 33] , nine RCTs reported previous tracheotomy [28, 30, [34] [35] [36] [37] [38] 40, 43] , four RCTs reported need for high airway pressures and/or high inspiratory oxygen concentrations [27, 32, 34, 46] , and two RCTs reported increased intracranial pressure as exclusion criteria [30, 32] .
Tracheostomy techniques
ST was compared with MDT in 10 RCTs [31,33-36, 38,40,42,43,47] , with SSDT in one RCT [45] , with TLT in one RCT [28] , and with GWDF in two RCTs [37, 44] . MDT was compared with GWDF in three RCTs [39, 41, 46] . GWDF was compared with SSDT in three RCTs [26, 27, 32] , and SSDT was compared with RDT in one RCT [28] and with BDT in one RCT [30] (Additional file 2).
Medical specialty performing the tracheotomy
STs were performed by surgeons in 10 RCTs [31, 34, [36] [37] [38] 40, [42] [43] [44] 47] , by ear, nose, and throat physicians in three RCTs [28, 35, 45] , and was not specified in one RCT [33] . PTs were performed by intensivists in 12 RCTS [26] [27] [28] [29] [30] 32, 34, [39] [40] [41] 43, 44] , by surgeons in four RCTs [37, 42, 46, 47] , by ear, nose, and throat physicians in three RCTs [31, 35, 45] , and was not specified in three RCTs [33, 36, 38] . Tracheostomy was performed by the same medical specialty in 12 RCTs (intensivists in seven RCTs, surgeons in four RCTs, or ear, nose and throat specialists in one RCT) and by different specialties in six RCTs (intensivists and surgeons in four RCTs, ear, nose and throat specialists and surgeons in one RCT, and intensivists and surgeons in one RCT, respectively).
Location of procedure
STs were performed in the operating room in seven RCTs [28, 31, 33, 34, 38, 44, 47] , in the ICU in three RCTs [37, 43, 45] , and in the ICU or the operating room in four RCTs [35, 36, 40, 42] . In all but one RCT [38] , PTs were performed in the ICU [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [39] [40] [41] [42] [43] [44] [45] [46] [47] . In six out of the 14 RCTs comparing PT with ST, PT was performed in the ICU while ST was performed in the operating room. Both procedures were performed in the ICU in four out of 14 RCTs, while ST was performed in the ICU or in the operating room in three RCTs. In one study, PT and ST were performed in the operating room.
Use of bronchoscopy
Bronchoscopy was regularly used in nine RCTs [29, 30, 32, 33, 35, 39, 40, 42, 45] , not used in 11 RCTs [26-28, 31,34,36-38,41,44,46] , and only used if complications occurred in two RCTs [43, 47] .
Reported complications
A summary of the definition of complications used in the included RCTs is presented in Table 1 . Reported complications were defined a priori and systematically assessed in all included RCTs. Bleeding during tracheostomy was reported in 22 RCTs and after intervention in 17 out of 22 RCTs [26, 28, 30, [32] [33] [34] [35] [36] [37] [38] [40] [41] [42] [43] [44] [45] 47] . Thirteen RCTs used definitions to distinguish between minor and major bleeding complications [26] [27] [28] 31, 32, 34, 36, 38, [41] [42] [43] 45, 46] . Inflammation of the stoma was assessed in six RCTs [28, 29, 38, [42] [43] [44] and infection of the stoma in 17 RCTs [26-29,31,32,34-38, 40-44,47] . One RCT reported the use of microbiologic data to verify infection [28] . Nineteen RCTs reported technical difficulties [26, 27, [29] [30] [31] [32] [33] [35] [36] [37] [38] [39] [40] [41] [42] [43] [45] [46] [47] . Difficult insertion was reported in six RCTs [29, 32, 33, 35, 45, 47] , difficult dilatation in 14 RCTs, and difficult insertion and dilatation in four RCTs [26, 27, [29] [30] [31] [32] [35] [36] [37] [38] 40, 42, 45, 46] , and difficult insertion and dilatation in four RCTs [29, 32, 35, 45] . Three RCTs did not specify the technical difficulties [39, 41, 43] .
During the procedure a false route was reported in 12 RCTs [27, 29, 30, 32, 34, 35, 38, 40, 41, 43, 45, 46] , subcutaneous ememphysema in nine RCTs [26] [27] [28] [29] 31, 34, 35, 38, 39] , pneumothorax in 12 RCTs [26, 27, [30] [31] [32] 35, 36, 38, 39, [41] [42] [43] , desaturation in 14 RCTs [26] [27] [28] [29] [30] 32, 34, 35, 38, 39, [42] [43] [44] [45] , and hypercapnia in three RCTs [26, 43, 44] CTs did not specify the technical difficulties [39, 41, 43] . Three RCTs investigated tracheal malacia [28, 40, 47] and nine RCTs investigated tracheal stenosis [27, 28, 30, 32, 35, 36, 40, 43, 47] after tracheotomy.
In all included studies, there was great accordance regarding the classification of stomal inflammation and infection, technical difficulties differentiating difficult dilatation from difficult insertion and for major and minor bleeding complications, respectively. Regarding tracheal stenosis and tracheomalacia, patients in all but one RCT reporting on these late complications were assessed by means of an a priori defined and planned and clinical, radiological (by means of conventional tomography or MRI) or endoscopic examination.
Evidence synthesis Percutaneous tracheostomy techniques versus surgical tracheostomy
Analysis of pooled PT techniques versus ST included a total of 973 patients in 14 RCTs. The only study characteristics that may explain differences in the complication rates were different PT techniques. One RCT using TLT carries 39% of the weight in the pooled effect and significantly accounts for the positive effect of PT on the risk for major postprocedural bleeding [28] .
In the postprocedural period, PT techniques reduced odds for major bleeding (odds ratio, 0.39 (95% CI, 0.15 to 0.97 (P = 0.04)); I 2 = 0% (P = 0.69)) ( Figure 2a ), stoma inflammation (odds ratio, 0.38 (95% CI, 0.19 to 0.76 (P = 0.006)); I 2 = 2% (P = 0.36)) ( Figure 2c ), and infection (odds ratio, 0.22 (95% CI, 0.11 to 0.41 (P <0.00001)); I 2 = 0% (P = 0.54)) ( Figure 2d ), but not for minor bleeding (odds ratio, 0.68 (95% CI, 0.38 to 1.24 (P = 0.21)); I 2 = 0% (P = 0.52)) ( Figure S1e in Additional file 3), and tracheal stenosis (odds ratio, 0.56 (95% CI, 0.18 to 1.76 (P = 0.32)); I 2 = 0% (P = 0.71)) ( Figure S1b in Additional file 3).
PT was associated with increased odds for procedural technical difficulties (odds ratio, 4.58 (95% CI, 2.21 to 9.47 (P <0.0001)); I 2 = 0% (P = 0.63)) ( Figure 2b ). Odds for major intraprocedural bleeding (odds ratio, 2.12 (95% CI, 0.41 to 10.84 (P = 0.37)); I 2 = 10% (P = 0.34)) ( Figure S1a in Additional file 3), minor intraprocedural bleeding (odds ratio, 0.66 (95% CI, 0.25 to 1.77 (P = 0.41)); I 2 = 52% (P = 0.03)) ( Figure S1f in Additional file 3), false route (odds ratio, 2.17 (95% CI, 0.54 to 8.82 (P = 0.28)); I 2 = 0% (P = 0.95)) ( Figure S1g in Additional file 3), subcutaneous emphysema (odds ratio, 0.35 (95% CI, 0.05 to 2.26 (P = 0.27)); I 2 = 0% (P = 1.00)) ( Figure S1h in Additional file 3), pneumothorax (odds ratio, 1.07 (95% CI, 0.21 to 5.46 (P = 0.94)); I 2 = 0% (P = 0.66)) ( Figure S1i in Additional file 3), and desaturation (odds ratio, 1.09 (95% CI, 0.31 to 3.87 (P = 0.89)); I 2 = 0% (P = 0.40)) ( Figure S1j in Additional file 3) were not different between PT techniques and ST.
Odds for hospital survival (odds ratio, 1.04 (95% CI, 0.73 to 1.48 (P = 0.84)); I 2 = 0% (P = 0.57)) ( Figure S1c in Additional file 3) were not different between PT techniques and ST. Heterogeneity and the small sample size limited the interpretation of the procedure duration (mean reduction −13.06 minutes (95% CI, −19.37 to −6.76 (P <0.0001)); I 2 = 97% (P <0.00001)) ( Figure S1d in Additional file 3).
Multiple dilatator techniques versus surgical tracheostomy
Analysis of MDT versus ST included a total of 719 patients in 10 RCTs.
In the postprocedural period, MDT reduced odds for stoma inflammation (odds ratio, 0.25 (95% CI, 0.09 to 0.65 (P = 0.005)); I 2 = 0% (P = 0.62)) ( Figure 2c ) and infection (odds ratio, 0.18 (95% CI, 0.08 to 0.38 (P <0.0001)); I 2 = 0% (P = 0.46)) ( Figure 2d ), but not for major postprocedural bleeding (odds ratio, 0.64 (95% CI, 0.22 to 1.91 (P = 0.42)); I 2 = 0% (P = 0.84)) ( Figure 2a ) or minor postprocedural bleeding (odds ratio, 0.58 (95% CI, 0.30 to 1.13 (P = 0.11)); I 2 = 12% (P = 0.34)) ( Figure S1e in Additional file 3) and tracheal stenosis (odds ratio, 0.57 (95% CI, 0.16 to 2.08 (P = 0.40)); I 2 = 0% (P = 0.51)) ( Figure S1b in Additional file 3).
PT was associated with increased odds for procedural technical difficulties (odds ratio, 5.45 (95% CI, 2.47 to 12.01 (P <0.0001)); I 2 = 0% (P = 0.57)) ( Figure 2b) . Odds for major intraprocedural bleeding (odds ratio, 1.62 (95% CI, 0.18 to 14.50 (P = 0.67)); I 2 = 34% (P = 0.22)) ( Figure S1a in Additional file 3), minor intraprocedural bleeding (odds ratio, 0.68 (95% CI, 0.16 to 2.84 (P = 0.60)); I 2 = 66% (P = 0.01)) ( Figure S1f in Additional file 3), false route (odds ratio, 2.36 (95% CI, 0.50 to 11.07 (P = 0.28)); I 2 = 0% (P = 0.82)) ( Figure S1g in Additional file 3), subcutaneous emphysema (odds ratio, 0.35 (95% CI, 0.03 to 3.44 (P = 0.36)); I 2 = 0% (P = 0.97)) ( Figure S1h in Additional file 3), pneumothorax (odds ratio, 1.07 (95% CI, 0.21 to 5.46 (P = 0.94)); I 2 = 0% (P = 0.66)) ( Figure S1i in Additional file 3), and desaturation (odds ratio, 0.79 (95% CI, 0.30 to 21.00 (P = 0.89)); I 2 = 65% (P = 0.09)) was not different between MDT and ST (Figure S1j in Additional file 3).
Odds for technical difficulties and major postprocedural bleeding were not different in a subgroup analysis comparing MDT versus ST with or without use of bronchoscopy (Figure 3a,b) . Odds for hospital survival (odds ratio, 1.02 (95% CI, 0.67 to 1.54 (P = 0.93)); I 2 = 0% (P = 0.43)) were not different between MDT and ST ( Figure S1c in Additional file 3). Heterogeneity and the small sample size limited the interpretation of the length of the procedure (mean reduction of −15.69minutes (95% CI, −22.96 to −8.43 (P <0.0001)); I 2 = 97% (P <0.00001)) ( Figure S1d in Additional file 3).
Pooled MDT + SSDT versus pooled GWDF + RDT + BDT
Analysis of pooled MDT + SSDT versus pooled GWDF + RDT + BDT included a total of 700 patients in eight RCTs.
Odds for stoma infection (odds ratio, 0.80 (95% CI, 0.23 to 2.80 (P = 0.72)); I 2 = 0% (P = 0.52)) ( Figure 4d ), major postprocedural bleeding (odds ratio, 0.22 (95% CI, 0.20 to 2.00 (P = 0.18)); I 2 = NA (P = NA)) ( Figure 4a ), minor postprocedural bleeding (odds ratio, 0.69 (95% CI, 0.08 to 5.98 (P = 0.74)); I 2 = 86% (P = 0.007)) ( Figure S2e in Additional file 3) and tracheal stenosis (odds ratio, 1.00 (95% CI, 0.14 to 7.22 (P = 1.00)); I 2 = 0% (P = 0.34)) ( Figure S2b in Additional file 3) were not different between pooled MDT + SSDT and pooled GWDF + RDT + BDT.
MDT + SSDT reduced the odds for intraprocedural technical difficulties (odds ratio, 0.30 (95% CI, 0.12 to 0.80 (P = 0.02)); I 2 = 56% (P = 0.03)) ( Figure 4b ) and for major intraprocedural bleeding (odds ratio, 0.29 (95% CI, 0.10 to 0.85 (P = 0.02)); I 2 = 0% (P = 0.72)) ( Figure S2a in Additional file 3), but not for minor intraprocedural bleeding (odds ratio, 1.31 (95% CI, 0.50 to 3.47 (P = 0.58)); I 2 = 53% (P = 0.07)) ( Figure S2f in Additional file 3), false route (odds ratio, 0.24 (95% CI, 0.05 to 1.14 (P = 0.07)); I 2 = 0% (P = 0.99)) ( Figure S2g in Additional file 3), subcutaneous emphysema (odds ratio, 1.02 (95% CI, 0.12 to 8.92 (P = 0.99)); I 2 = 30% (P = 0.24)) ( Figure S2h Odds for hospital survival (odds ratio, 0.93 (95% CI, 0.44 to 2.00 (P = 0.86)); I 2 = 33% (P = 0.22)) ( Figure S2c in Additional file 3) and duration of the procedure (mean reduction of 0.64 minutes (95% CI, −0. 47 to 1.75 (P = 0.26)); I 2 = 0% (P = 0.74)) ( Figure S2d in Additional file 3) were not different between pooled MDT + SSDT and pooled GWDF + RDT + BDT.
Pooled MDT + SSDT versus GWDF
Analysis of pooled MDT + SSDT versus GWDF included a total of 560 patients in six RCTs. Only one RCT reported major or minor postprocedural bleeding [41] and one RCT reported hospital survival following tracheostomy [46] .
Odds for stoma infection (odds ratio, 0.80 (95% CI, 0.23 to 2.80 (P = 0.72)); I 2 = 0% (P = 0.52)) ( Figure 4c ) and tracheal stenosis (odds ratio, 0.33 (95% CI, 0.01 to 8.21 (P = 0.50)); I 2 = NA) ( Figure S2b in Additional file 3) were not different between pooled MDT + SSDT and GWDF.
MDT + SSDT reduced the odds for major intraprocedural bleeding (odds ratio, 0.29 (95% CI, 0.10 to 0.85 (P = 0.02)); I 2 = 0% (P = 0.72)) ( Figure S2a in Additional file 3), but not for minor intraprocedural bleeding (odds ratio, 1.26 (95% CI, 0.38 to 4.18 (P = 0.71)); I 2 = 65% (P = 0.04)) ( Figure S2f in Additional file 3), intraprocedural technical difficulties (odds ratio, 0.37 (95% CI, 0.10 to 1.29 (P = 0.12)); I 2 = 62% (P = 0.02)) ( Figure 4b ), false route (odds ratio, 0.22 (95% CI, 0.04 to 1.31 (P = 0.10)); I 2 = 0% (P = 0.96)) ( Figure S2g in Additional file 3), subcutaneous emphysema (odds ratio, 0.62 (95% CI, 0.03 to 15.09 (P = 0.77)); I 2 = 52% (P = 0.15)) ( Figure S2h in Additional file 3), pneumothorax (odds ratio, 3.21 (95% CI, 0.33 to 31.54 (P = 0.32)); I 2 = 0% (P = 0.98)) ( Figure S2i in Additional file 3), and desaturation (odds ratio, 1.04 (95% CI, 0.09 to 12.53 (P = 0.98)); I 2 = 58% (P = 0.09)) ( Figure S2j Duration of the procedure (mean reduction of 0.64 minutes (95% CI, −0.47 to 1.75 (P = 0.26)); I 2 = 0% (P = 0.74)) ( Figure S2d in Additional file 3) was similar between pooled MDT + SSDT and pooled GWDF. 
Publication bias
Macaskill's modified test did not show publication bias for any considered outcome.
Discussion
Available evidence from RCTs including adult critically ill patients tends to show that PT techniques are performed faster and reduce stoma inflammation and infection but are associated with increased technical difficulties when compared with ST. Among PT techniques, MDT + SSDT are associated with the lowest odds for intraprocedural technical difficulties and major bleeding, while GWDF accounts for increased odds for intraprocedural major bleeding.
Percutaneous tracheostomy versus surgical tracheostomy
Previous meta-analyses comparing complication rates between PT techniques and ST reported conflicting results (Table 3 ). Dulguerov and colleagues analyzed 65 randomized and nonrandomized studies published between 1957 and 1996 and found higher incidence of perioperative complications, deaths, and cardiorespiratory arrests but less wound infection associated with PT when compared with historic control cohorts [48] . Cheng and Fee performed a systematic review of four studies including a total of 212 patients and found an increased rate of minor bleeding and stoma infection with ST [49] . Freeman and colleagues, pooling data from five RCTs including 236 patients, concluded that PT was associated with fewer complications, including bleeding and infections, and better survival [7] . Delaney and colleagues analyzed 17 RCTs including a total of 1,211 patients and found PT techniques to be equivalent to ST for bleeding and major periprocedural and long-term complications [6] . Higgins and Punthakee analyzed 15 RCTs and reported no clear difference but a trend towards fewer complications when using PT techniques [8] . The present meta-analysis was performed according to Cochrane Collaboration guidelines [21] including 14 RCTs with a total of 973 patients after strict quality assessment, and distinguished between complications occurring during and after the procedure.
In agreement with previous meta-analysis, the present data did not demonstrate reduction of bleeding, false route, development of subcutaneous emphysema, occurrence of pneumothorax, and oxygen desaturation during PT when compared with ST [6] [7] [8] 49] . Equivalent complications rates observed during PT and ST have been explained by differences in training status of the physicians, location where tracheostomy was performed, and different PT techniques. Higgins and Punthakee claimed that trainees are more likely to perform ST to learn the anatomy of the airway in the operative setting and then proceed to the PT where the airway is less well visualized [8] . In contrast with previous data [6] , our systematic review does not support this belief because both ST and PT were performed by staff physicians and trainees. Two previous meta-analyses reported increased incidence of perioperative complications with ST when performed in the operating room but not at the bedside [6, 8] . This was explained by difficulties and mishaps associated with transport to and from the operating room. In contrast, we found decreased risk of technical difficulties with ST regardless of whether ST was performed in the ICU or the operating room. Interestingly, we found no difference with regard to technical difficulties and odds for major postprocedural bleeding, regardless of whether bronchoscopy was used in PT techniques when compared with ST. Although transport of critically ill patients to and from the operating room may be associated with an increased risk of complications, no RCT reported increased transport related complication rates with ST. Because higher rates of technical difficulties were also observed with MDT + SSDT when compared with ST, it seems unlikely that the use of a specific PT technique could help to reduce procedural complications rates. This suggests that PT and ST techniques require adequate training and should always be performed by physicians able to promptly manage potential complications and mishaps.
In line with previous studies [6] [7] [8] , we found PT techniques superior to reduce risk of postprocedural stoma inflammation and infection when compared with ST. The ability to have a tracheostomy that fits snugly in the stoma allowing compression of the surrounding tissues and the use of smaller incision and blunt dissection instead of cutting and transecting vessels may explain the less frequent and less severe inflammation and infection of the stoma following PT [6] and has been claimed to reduce postprocedural bleeding [48] .
However, benefit of PT for decreasing postprocedural bleeding was discussed controversially. Other metaanalyses not distinguishing between intraoperative and postoperative bleeding did not observe reduction in bleeding following PT [8] . Although we observed a reduced risk of major postprocedural bleeding with PT techniques, from a statistical standpoint, some uncertainty may still exist regarding the benefit of PT techniques on postprocedural bleeding when compared with ST. When one RCT using TLT, which carries 39% of the weight in the pooled effect, was excluded from analysis [28] , no advantage of PT could be demonstrated. MDT + SSDT were not associated with less major postprocedural bleeding when compared with ST. Based on the either limited number of available RCTs comparing TLT or GWDF with ST and the fact that no RCT compared RDT or BDT with ST, it cannot simply be concluded the PT per se is preventative for postprocedural bleeding. Although tracheal stenosis, including subglottic stenosis, has been claimed to be a serious complication of PT that may require surgical repair [58] , our data demonstrate a low and comparable incidence of tracheal stenosis with PT techniques and ST.
In 13 out of 14 RTCs, PT techniques were performed faster than ST. The pooled summary data indicating a faster procedure with PT than ST have to be viewed with caution because of the significant heterogeneity among studies ( Table 2 ). We explored heterogeneity and found the limited number of included patients and the intra-individual variability of the procedure duration to be the major source for heterogeneity.
Our meta-analysis is the first to our knowledge demonstrating no difference in hospital mortality between PT and ST. This indicates that the observed differences in complication rates between PT and ST have no impact on survival rate.
Differences among PT techniques
Six PT techniques using significantly different procedures have been introduced with the goal of simplifying the methods and to improve patient safety [9] [10] [11] [12] [13] [14] . Recently, a meta-analysis including 13 RCTs comparing different PT techniques in 1,130 patients categorized mild and severe complications and could not demonstrate superiority of a single PT technique in terms of safety and success rate [15] . The present meta-analysis included eight RCTs with a total of 700 patients after strict quality assessment and distinguished between complications occurring during and after the procedure.
After a subgroup analysis comparing MDT with SSDT demonstrated no significant difference in complication rates and because of similarity of the procedures, we decided to compare pooled MDT + SSDT with other PT techniques. MDT + SSDT were associated with less risk of intraprocedural technical difficulties when compared with pooled GWDF + RDT + BDT but not when compared with GWDF alone. In contrast, GWDF accounted for an increased risk of major intraprocedural bleeding. These results may be explained by the GWDF technique using forceps for blunt dilatation of the pretracheal and intercartilaginous tissue after insertion of the guide wire into the trachea and skin incision. GWDF thus allows placement of the cannula in the trachea under direct vision, which may explain reduction of technical difficulties during tracheostomy tube insertion. However, the use of a forceps may be more traumatizing than the application of serial or single dilators.
Our meta-analysis demonstrates no difference in hospital mortality among PT techniques. This indicates that the observed differences in complication rates between PT techniques have no impact on survival rate.
Since only one RCT compared RDT or BDT with SSDT, no significant evidence is available to conclude on the safety and success rate of these recently introduced PT techniques.
Limitations of the present analysis
There are a number of potential limitations to the present systematic review and meta-analysis that warrant discussion. When interpreting the present findings, it is important to consider that several groups of patients were excluded from the analyzed RCTs. Critically ill patients requiring emergency tracheostomy, with evidence or suspicion of difficult anatomy, prior airway problems, coagulopathies, and previous tracheostomy were generally excluded. Furthermore, length of stay and duration of mechanical ventilation prior to tracheostomy was not reported in most of the RCTs and was therefore excluded from analysis. In addition, some reported events and complications were rare. This may significantly limit the generalizability of the results of this meta-analysis to all adult critically ill patients. Furthermore, the effect of the experience of the physicians performing the tracheostomy could not be formally quantitatively assessed in the present analysis. Similarly, definitions of complicationsfor example, minor and major bleeding, stoma wound inflammation and/or infection, and technical difficultieswere not standardized and varied from center to center. Finally, formal statistical tests did not support the presence of publication bias for any considered outcome, which could have had an impact on the pooled effect estimates.
Conclusion
On the basis of available evidence from RCTs in critically ill adult patients, PT techniques can be performed faster and reduce stoma inflammation and infection but are associated with increased technical difficulties when compared with ST. Combined MDT + SSDT was associated with the lowest risk of intraprocedural technical difficulties and bleeding, and therefore seem to be the preferable PT technique in critically ill adult patients.
Key messages
PT can be performed faster and reduces the risk for stoma inflammation and infection when compared with ST. PT is associated with increased technical difficulties when compared with ST. Among PT techniques, MDT and SSDT were associated with the lowest risk of intraprocedural
